We have investigated the magnetic dipole moments of interstitial oxygen molecules (O 2 ) and their interactions in CdSe by using spin-dependent first-principle calculations based on the local density functional (DFT) theory. We constructed supercells of Cd 64 Se 64 by repeating the primitive cell Cd 2 Se 2 4x4x2 times. Then an O 2 molecule aligned along c-axis was added to the center of the CdSe cage. The charge densities of the complexes were then computed for both spin-up and spin-down electrons. Their difference indicates that O 2 molecule in CdSe is paramagnetic, although its magnetic dipole moment is lower than that in free space. Two such O 2 molecules were then placed either (a) parallel to each other in side-by-side supercells or (b) in neighboring supercells on top of each other. The computed energies of the resultant magnetic structures suggest that the two O 2 magnetic moments interact anti-ferromagnetically in case (a) but do not interact in (b).
Introduction
Cadmium Selenide (CdSe) has many applications including the fabrication of solar cells [1] , photochemical cells [2] and high energy radiation detectors [3] . Oxygen is often present in the growth or annealing of CdSe samples. The effects of oxygen on the properties of CdSe samples are welldocumented already [4, 5] . The presence of oxygen dopants in CdSe and CdTe can be detected with great sensitivity via far-infrared (FIR) absorption and these FIR spectra have revealed detailed microscopic structures of oxygen related defects [6] . In particular, experiment and first-principle calculations have suggested that some of the observed high frequency FIR modes may involve complexes containing O 2 [7] . Oxygen molecules are well-known to be paramagnetic in gaseous and liquid form. One interesting question is whether O 2 in CdSe is also paramagnetic? In this paper, we have applied first-principle spin-dependent density-functional (DFT) method to investigate the magnetic dipole moments of interstitial O 2 in CdSe for comparison with those of oxygen molecules in free space. After finding that oxygen molecules are paramagnetic in CdSe we have investigated the interaction between two adjacent oxygen molecules in CdSe. The interaction was found to be antiferromagnetic when the two molecules lie adjacent to each other within the same hexagonal channel of the wurtzite lattice. Our calculation has been performed using the projector-augmented wave (PAW) method as implemented by the commercial softwares VASP and MedeA. [8] The density functional chosen was based on the Perdew-Burke-Ernzerhof (PBE) functional within the Generalized Gradient Approximation (GGA) [9] . The energy cutoff was chosen to be 520eV and the spacing of K-points was set to be <2 nm -1 . The k-mesh was set to 5x5x5. The calculation explored the full Brillouin zone and included an interaction range of about 1 nm. Supercells Cd 64 Se 64 O 2 were constructed with MedeA. This supercell cell was obtained by repeating the primitive cell Cd 2 Se 2 4x4x2 times.O 2 molecule aligned along c-axis was added to the center of the CdSe cage. After relaxation of all atoms, the oxygen molecule is found to be at the center of a hexagonal cage in the wurtzite lattice. A schematic representation of the relaxed supercell is shown in Figure  1 . 
Theory and Model

Results and Discussions
Electron Density Maps
In Figures 2 (a) and (b) we plot the computed densities for both spin-up and spin-down electrons. The magnetic moment of the O 2 molecule is proportional to the difference between these two spin dependent electron densities. This difference is plotted in Figure 3 (a) . For comparison we plot in Figure 3 (b) the corresponding difference for a supercell consisting of a single O 2 molecule. Figure 3 (a) shows that the O 2 molecule in CdSe is paramagnetic like the free O 2 molecule. However, the magnitude of the magnetic moment of the O 2 molecule is reduced by about 5% when located inside CdSe. We note that the bond length of the O 2 molecule in CdSe is increased almost by the same amount. Both results can be attributed to screening of the oxygen-oxygen bond by the valence electrons of CdSe. This screening effect is relatively small because of the location of the O 2 molecule inside the lattice channels. It is interesting to note that the spin density difference on the two oxygen atoms in CdSe is not the same. This is because the inversion symmetry between the two oxygen atoms in the O 2 molecule is broken when the molecule is located inside CdSe.
Interaction Between Two O 2 molecules in CdSe
We next investigate the magnetic interaction between the magnetic moments of two nearest neighbor interstitial O 2 molecules. Such interaction is expected to occur when the CdSe sample contains a high concentration of O 2 molecules. The fact that the magnetic moment of the O 2 molecule is oriented along the hexagonal channels of CdSe may lead to interesting 1D magnetic phases. We have considered two ways that the two O 2 molecules can be placed inside the CdSe lattice interstitially: (a) the two molecules are located parallel to each other in adjacent channels and (b) the two molecules are located in supercells on top of each other within the same hexagonal channel. We compute the VASP free energies of the supercell Cd 128 Se 128 O 4 containing two O 2 molecules. The supercell was not relaxed since we expect the interaction between the two O 2 molecules to be relatively weak as their unpaired charges are strongly localized around each molecule. The magnetic moments of the two O 2 molecules are allowed to be aligned either parallel (ferromagnetic) or anti-parallel (anti-ferromagnetic) to each other. We found that in case (a) there was negligible interaction between their magnetic
